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: ALTmfrmF: INVESTIGATION OF SEVERAL AETERRJREIER CONF'IWRATIONS 

FOR THE J40-WE -8 TURXXW ENGIN3 

By E. William Conrad and Carl E. Campbell 

" .. 

SUMMAKY 

An investigation was conducted in  the  Lewis a l t i t ude  wind tunnel t o  
evaluate  the performance and operational  characterist ics of t he  J40-WE-8 
afterburner. Although the  minimum afterburner-inlet  pressure which 
w o u l d  OCCUT within  the specified operating  envelope of t he  engine was  
730 pounds per  square  foot, stable operation w a s  desired at a lower pres- 
sure  to  provide a '*safety margin." Since  the combustion efficiency w a s  
low at the  chosen burner-inlet  pressure  of 620 pounds per square foo t ,  
a brief program of modifications was undertaken wherein the  changes in 
configuration were restricted by production  considerations. 

Modifications were made t o  the  flame holder,  the diffuser, and the  
fuel system. Inasmuch as t he  peak  combustion efficiency of t he  orig- 
inal configuration was 0.90 or higher at  burner-inlet pressures of 
1500 pounds per square foot  o r  higher, no appreciable improvement w a s  
possible. A t  a pressure of 620  pounds per square foot,   the peak eff i -  
ciency w a s  ra ised  only  s l ight ly  (from 0.47 t o  0.54) by the  modifications 
to  the  configuration. Over most of t he  range of fue l -a i r  ratios, t he  
co&ustion  efficiency was increased about 0.17 a t  the  lower pressure 
level.  This  increase resulted in   an  increase in  the maximum exhaust- 
gas  temperature from 2 3 8 0 O  t o  about 29X0 p, an increase in maximum net 
th rus t  from 1500 t o  1660 pounds, and a reduction in specif ic  fuel con- 
sumption a t  stoichiometric fuel-& r a t i o  (0.067)  from 3.70 t o  3.15 
pounds of fuel per hour per pound of. net thrust .  The configuration 
giving the  best performance was, however, subject  to  buzzing conibustipn 
under certain  operating  conditions. 

c 

INTROIXJCTION 

An investigation was conducted i n   t h e  NACA Lewis a l t l t ude  wind  tunnel 
t o  determine the a l t i t ude  performance and operational characteristics of an 
afterburner developed by the  manufacturer for t he  J40-WE-8 turbojet  
engine. This  afterburner  configuration  evolved from a development pro- 
gram conducted  by the  engine manufacturer a t  sea-level static conditions. 

been s tar ted,   the  changes made during  this  study t o  improve the   a l t i t ude  
nerforma;nce were r e s t r i c t e d  t o  modifications which would introduce no 

.I 

I Because the  manufacturer's  scheduled  production of  the  afterburner had 

* 

appreciable  production  modifications which 
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appeared t o  be desirahle on the basis of previous  investigations were 
not made i n  the phase of the  grogram reported h e q i q .  

The original  configuration  supplied by the  manufacturer  incorporated 
several  design  features which had been  found t o  eliminate  screeching 
(high  frequency) combustion instabi l i ty .  During the  study  reported 
herein,  changes were made in  the  fuel-injection system t-crlmprove the  
fuel-air-dis t r ibut ion and fue l  mixing length; in   the  diff'user configura- 
t i on  t o  improve diffuser  velocity  pro.fi lesi .and  in  the flame  holder t o  
improve-flame  propagation between the.two rings. Each configuration w a s  
also  investigated  with  respect  to  operatioq,..primarily *-detect the 
presence of screech. 

Performance data for  seveeal  configurations are shown fo r  a range of 
afterburner fuel-air r a t io s  a t  a l t i tudes from 10,000 t o  45,000 feet  and 
f l i g h t  Mach numbers from 0.18 t o  0.78, corresponding to  afterburner-inlet  
pressures from 2750 -tq 620 pounds per  square . .  foot . .  absolute. 

The engine  used in   this   invest igat ion i s  designated "the prototype 
J40-WE-8 engine." The static  sea-level thrust of this engine  without 
afterburner is  about 7500 pounds a t  an engine speed of 7260 r p m  and 89 
averGe  turbine-inlet  temperature  of 1425O.E. 

Main  components of the  engine  (fig. I) include an  U-stage  axid-  
flow compressor, a single-annular combustor, a two-.stage"turbine, a 
diffuser assenibly, an afterburner combustion chamber, a continuously 
variable clam-shell-type  exhaust  nozzle, and an electronic  control. 
During afterburner  operation,  the  variable-area  exhaust  nozzle was 
actuated, by the  control  to-maintain  limiting  turbine-inlet  temperature 
over  the fdl range of afterburner  fuel-air   ratios.  The .over-- length 
of the engine is  284 aches,   the  maximum dime* is 45.5 inches, and 
the   t o t a l  weight is approximately 3560 pounds. 

Instal la t ion 
., 

The engine was  mounted on a w i n g  that spanned the 20-foot;"diameter 
test  section of the  a l t i tude wfnd tunnel.  Engine inlet-air pressures 
corresgonding to  alt i tude  f l ight.   conditions w e r e  obtained,by  introducing 
dry refrigerated a i r  from the tunnel make-up air system  through a duct 
t o   t h e  engine inlet. A s l i p   j o i n t  with a fr ic t ionless   seal  was used i n -  
the duct,  thereby making possible  the measurement of tbrust  and installa- 
tion  drag  with  the  tunnel  scales. Air w a s  throt t led from approximately 
sea-level  pressure to the desired pressure at the  engine inlet, w h i l e  the  
static  pressure i n  the  tunnel test  section w a s  maintained t o  correspond 
to   t he  desired alt i tude.  

A 

C. 

Y 
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Instrumentation 

- Instrumentation f o r  measuring pressures and temgeratures was 
ins ta l led  at several stations  throughout  the  engine and afterburner as 
indicated  in  f igure 2. Air f l o w  was  determined from presemre  and tem- 
perature measurements a t  the  turbine  inlet  and out le t  as discussed  in 
the appendix. A traverse mechanism comprising 10 sonic-type t h e m -  
couples was supplied by the  engine  manufacturer to determine the gas- 
temgerature  pattern  at   the  turbine inlet. A comprehensive pressure 

Diffuser-outlet  pressures w e r e  determined  by  a single rake of  total- 
pressure  tubes sp- t he  diameter of the  diffuser   exi t   a t   s ta t ion 7. 
T o t a l  and static  pressures  several  inches  uptream of the  exhaust-nozzle 
outlet were  measured  by means of  a water-cooled  survey  rake which w a s  
s o  mounted that the  rake  drag  could  be measured by a pneumatic  capsule. 
The symbols and methods of calculation  used i n  this  report   are given in 
the appendix. 

Q) 

8 cu and  temperature  survey w a s  obtained a t   the   tu rb ine  outlet, s ta t ion 6 .  

Afterburner  Designs 

A sketch of the  afterburner  shell  with  pertinent dimensions is  
shown in   f i gu re  3. This  shell  was common t o  all configurations. Cooling 
of  the  afterburner  shell was accomplished  by passing camgressor bleed a i r  
through  the  annular  passage formed between the   she l l  and the  concentric 
shroud. The probct ion  diffuser  geometry w a s  changed f o r  one configura- 
t ion   as  shown by the  sketches and photographs of figure 4. The p robc -  
t i on  configuration and the annular cascade diffuser are shown i n  f ig-  
ures 4(a) asd 4(b),  respectively. The annular cascade d i f f i s e r  w-as 
designed to produce uniform velocity  distribution at the flame holder. 

C 

The two flame  holders  used  during this s t u d y  are sham  in   f igure  5. 
These  flame holders  consisted of two a.nnular V - g u t t e r s  with mean d im-  
e te rs  of 17 and 2 9 ~  inches and incorporated  longitudinal.  T-shaped 

stringers 1 inch wide, which were devised  by  the  engine  manufacturer t o  
avoid screeching  mnibustion. The flame  holder shown in  f igure  5(b)  
differed from that of figure 5(a), in that outer gutters were joined by 
cross  gutters 1- inches wide i n   l i e u  of stringers,   in  order t o  aid i n  
flame  propagation between gutters. Blockages  were 41.3 and 38 percent 
of the combustion-chamber cross-sectional  area f o r  flame  holders A and C, 
respectively. The photograph i n  figure 5 shows the ~ O U V W S  i n   t h e  
flame-holder  leading  edges which were used f o r  all but one configuration. 

1 

7 
8 

1 The two fuel-distribution  patterns  used are shown in  f igure 6. Fuel 
was injected  through  simple  orifices. Each of the three  fuel-manifold 
rings (f ig .   6(a))  was connected t o  a separate  thrott le  to  permit  indi-  

* v i d u a l  regulation of the fuel flow. With the  five-ring  fuel  manifold of 
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figure 6(b) ,  one thrattle was used t o  govern the flow of the inner three 
rings,  while a separate   throt t le  w a ~  used  with  each of the  outer  rings. 
Throughout most of the program, the  fuel m i f i c e  diameter was 0.041 inch. 
The three-ring  manifold of f L g u r e .  6(a) WBB modified f o r  some configura- 
t ions by reducing  the  .hole  size to- O.On.i- . . - . . -  

- 

." " 

* 

- .. 
" - " 

T h e  components described  in-khe  previous  paragraphs were used in 
various  cortbimtions. The combinations of cou&onente and the 
de ta i l s  of fuel-inJection  location and direction of f ie1 spray  are 
summarized i n  table I. The individual  configurations  are  described z 
br i e f ly   i n   t he . fo l lowbg  paragraphs: 

. .. 

0 1 .  
. . .  . . 

.I 

Configuration A. - Configuration A w a s  the   or iginal  design supplied 
by the manufacturer. It comprised the  diffuser  inner cone shown i n  
figures  4(a) and 4(d), the  .flame holder and f ie1 manifold assembly shown 
i n  figure 5(a), and the  fuel-injection  pattern shown in figure  6(a).  
The f u e l  from a l l  three manifolda w a s  in jec ted   in  a downstream direction, 
and the manifolds were lF inches  upstream of the flame holder.  Every 

alternate hole  in  the  fuel-injection  manifold w a s  in   l ine  with a louver 
in  the  leading edge of the  flame-.holder gutters.  

" 

. . ... 

1 . _. 

. .. 

. "  
.. 

. .~ 

Configuration B. - Configuration B w a s  &dentical t o  configuration A, 
except that louvers i n  the flame. holder were. covered. 

" - 
" 

" _" - .. . . 
" 

Configuration C.  - Conf'igura.tion C was i h n t i c a l   t o  co&iguration A, .I 

except t h a t  the  f lame.btabil izing bars between the  two annular gut ters  
were replaced by eight radial V-gutters. 

. .  . .  - 

c 

Configuration D. - Configuration D differed from configuration A in 
two respects:  the  annular cascade shown in figure 4(c) was ins ta l led  i n  
the  diffuser  (f ig.  4 (b) ) , and the f ive-ring fuel manifold o f i g u r e  6 (b) 
was instal led.  

Configuration E. .- CoMiguration E w a s  ident ical  t o  configuration A, 
except  that   the  fuel wa0 . injected  in  an'upstream  direction from the  inner 
and outer fuel rings  to  increase  the t i m e  for  .fuel droplet  vaporization. " 

Configuration F .  - Configur.ation F affered from configuration A only 

in   tha t   the   ou ter   fue l  manifold was moved %.inches upstream t o  a l low more .1- . . 
. . .  . . 

time for fuel droplet  vaporization. - -  .. . .  
" 

Configuration G. - Configuration G was the  same as configurat5on F, 
except that the   fue l  from the  outer fie1 ring was  sprayed i n  an  upstream 
direction; wi th  a l ternate  hcLes driUed 10' outward and 3oo inward from L 

an axial direction. This s tagger   in   the  ho1e.s w a s  made t o  allow for 
possible misalinement of the  fuel with  respect  to-the outer gutter. .. 

.. ." . 
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Configuration H. - Configuration H differed from configuration G in 
that all fuel holes were reduced from 0.041- t o  0.027-inch diameter and 

In configuration F. 
- a fourth ring (inoperative) w a s  added where the  outer   r ing was removed 

Configuration I. - Configuration I was the  same as configuration H, 
except  the  holes in t he  outer fuel r ing  were d r i l l e d  5O outward  and 
5O inward from axial. 

Throughout the   a f te rburnhg program, the  electronic  control main- 
tained an engine  speed of  7260 rpm (rated  speed) and a turbine-inlet  
temperature  of  approximately 1425' F. The afterburner-inlet  conditions 
of pressure,  temperature,  and  velocity w e r e  therefore  nearly  constant at 
each par t icular  flight condition. The four  sinazlated f1ia.t conditions 
a t  which perfornance data were ob tahed  are shown €n the  following 
tab le  : .. 

Altitude, I Flight 1 Average Configuration 
f t  

10,000 
20,000 
35,000 
45,000 

Mach 
number 

0.18 
.78 
.78 
.18 

burner- 

pressure, 
lb/sq f t  

i n l e t   t o t a l  F E D C B A 

2750 

J J J J J J  1500 
.J.J J J J  2600 
J J  J J 

620 */ l J I J  

The lowest  altitude of 10,OOO feet i s  a f a c i l i t y  limit and corre- 
sponds t o  an  afterburner-inlet  pressure of 2750 pounds per  square foot. 
The data a t  45,000 feet correspond t o  a t o t a l  pressure of 620 pounds per 
square foot  absolute at the afterburner inlet. Although this pressure 
i s  s l igh t ly  lower than  the minimum given i n   t h e  engine  specifications 
(approximately 730 lb/sq f t ) ,  adequate  performance at  the  lower pressure 

w a s  desired t o  provide a "margin of safety." The data at the  inter- 
mediate a l t i tudes  were used t o  obtain performance at f l i g h t  speeds  within 
the  normal f l i g h t  envelope of most a i rpbnes .  Because of f a c i l i t y  limf- 
ta t ions,   the  data at 10,000 and -45,000 feet could not  be  obtained a t  
simulated fligkkt Mach mmibers above 0.18. As shorn in the  preceding 
table, data were not  obtained et a l l  four  conditions  with all configura- 

1 t ions.  O n l y  enough data were obtained t o  indicate   the  re la t ive merit of 
each configuration. A t  the  35,000-foot flight  condition,  variations were 
made i n  the  three th ro t t l e s  governing the  fuel dist r ibut ion  to   obtain 

basis  of  t he  optimum Fuel balance f o r  each. 
r. the  optimum performance. Comparison of configurations are made on the  
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- 
For  each flight  condition,  except where limited by available time, 

data were obtained over a range...of eterburner fuel-air ra t ios  from the 
lean blaw-out l i m i t  t o  a maximum value  determined - - . .- . . - " - . - -. by (a) maximum exhaust- -I 

nozzle area, (b) maximum allarable fuel pressure, (c) r i ch  blow-out, or  
(a) screeching couibu_stion. Screeching cambustion (refs. 1 and 2 ) i s  a 
type of combustion i n s t a b i l i t y . - c h a r a ~ e r i z e d ~ b y  severe"pressure N s a -  - 

t ions having a frequency of 600 t a  about 6000 cycles  per second. 

. ." " 

" 

RESULTS AND DISCUSSION 

Afterburner Perf o m c e  
" 

Afterburner-inlet  conditions. - The-afterburner-inlet  conditions of 
total  pressure,  total  temperature, and velocity  obtained  with  several 
configurations a t  the various flight  conditions 'are shown i n  figure 7 as 
a function  of  afterburner fuel-air ratio,   . Inasmch as the i n l e t  condi- 
tions  are  not  influenced  by.changes;in  the  afterhurner  configurations, 
the  average  valves shown in   f igure 7 appiy t o  all the  configurations 
discussed  herein. The average values o f .  tgrbine,-outlet...total  pressure 
( f ig .   7(a))   for   the Sour flight conditions  hvestigated  varied from 
approximately 2750 t o  620 pounas per  square.foot  absolute  with a maximum 
deviation of &6 percent.  In  accordance.wi-th a pre%i&siy determined 
relat ion between turbine-fnlet and turbine-outlet  temperature,  the aut- 
l e t  temperature was allowed t o  vary with  flight  conditions as shown i n  
figure 7(b) in order t o  g ive  l imiting  tw3ibe-inlet  temperature of about 
1885O R at a l l  conditions. The average  turb.ine-outlet  temperature  thus 
varied from approximately 1500° R a t  a timbine--outlet  pi%ssure l e v e l  of 
2750 pounds. per  square f o o t  absolute  to about 1600° R a t  a pressure l e v e l  
of 620 pounds per scgare foot  absolute.  .Average'  velocities a t   t h e  flame 
holder  ranged froin about 300 t o  400 fee t   per .  second for . ' -a l l  the con- 
figurations  .investigated, as shown i n  figure 7{c).  Although t h w v e r a g e  
velocit ies did not  vary  appreciably  with changes in  colrPiguration,  the 
radial  velocity d i s t r ibu t ion   a t .   t he . . fme  holder was al tered by a change 
i n  diffuser  configuration as shown i n  figure - 8 , .  The hi@  velocity peak 
in  the  region of the flame-holder gutters with c o q f i p a t i o n  A was 
reduced  Considerably  by Fnstalling deflector v+es (figs. 4(b) 
and 4(c) ) i n  the diffuser. for mnfiguration .R.... _With thg exception of 
configuration D, a l l  configurations had the same diffuser and velocity 
prof i le  as configuration A. 

. "" 

. .. . . . . . . . . . . . 

. .  

.. . - 
. .  

. . .  

n 

." " 
. .. 

" 

- 
- " " 

Pressure-loss  characteristics. - -The total-pressure-loss  ratio 
through  the diffuser and the  over-all  total-pressure-lobs.  ratio  thraugh 
the  af'terhurner  obtained with configuratbns A md D .at"an  inlet  pressure 
of 1500 poljllds per square  foot  absolute are shown i n  f i b r e  9 as fun& 
tions  of  exhaust-gas tmtal temperature.  Installation of the  deflector.  . 

vanes in   t he  diffuser (configuration D) resulted i n  a diff'user  pressure- 
lose r a t i u  of 0.07 as compared t o  0.04 with .configuration A. The over- 
a l l  total-pressure-loss  ratios, which include  the  .friction  pressure losses 

- 
" 

. .  

.L " 

.. - -. ". 
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across  the  diff'user,  fuel  manifold rings, and flame holder, and the  
momentum pressure  losses due t o  burning are compared in f igure 9(b)  

3 percent  higher  for  configuration D than f o r  A, and an a d d i t i o n a l  
f r i c t i o n  loss  across  the two additional fuel manifolds of configura- 
t ion  D would be  expected, the  over-all  .total-pressure-loss  ratio was 
only 2 t o  2.5 percent  higher  for  configuration D than  for  A. This d i f -  
ference in  losses may be a t t r ibu ted   t o   t he  lower velocity across the 
flame-holder gutters of configuration D and possibly a lower momentum 
pressure loss with  the uniform  velocity  distribution. The 2 or  2.5 per- 
cent  higher  over-all  pressure loss with  configuration D, however, i s  & 

disadvantage to  be  considere8 ift the f i n a l  comparison of configurations. 
With the  exception of configuration D, all configurations had the same 
diffuser and oyer-all  pressure-loss  characteristics as configuration A. 

- for   these two configurations. Although the  diffuser pressure loss was 

Fuel  pressures. - The effective  fuel-flow area of all f u e l  systems 
except  those of configurations H and I w a s  t he  same. This area f o r  con- 
figurations A t o  G w a s  chosen t o  a l l ow  operation at sea-level,  high 
flight Mach  number conditions  without  exceeding  the fuel-prrmp pressure 
l imitations of 300 pounds per  square  inch.  Accordingly, a t  the  higher 
a l t i tudes,  as shown i n  figure 10, f'uel pressures w e r e  reduced t o  
extremely low values.  Fuel  pressures below about 10 pounds per ~~~~~~~e 
inch  are not  considered adequate t o  provide  satisfactory  fuel-spray 
characterist ics.  A t  low fuel-flow  rates and et the burner-inlet pressure 
of  620 pounds per  square  foot  alpolute, t h e  burning was often  confined 
t o  t he  lower portion of the combustion chamber because of a '[head efzect" 
i n   t h e   f u e l  manifolds. 

Performance of original  configuration. - I n  f igure l l  t he  perform- 
ance of configuration A i s  given in p lo ts  of exhaust-gas  temperature, 
conibustion efficiency,  net  thrust, and over -a l l   spec i f ic   fue l  consumption 
as functions of afterburner  fuel-air   ratio.  The maximum exhaust-gas 
temperature  obtained  with  this  original  configuration w a s  3400° R a t  a 
burner-inlet  pressure of 1500 pounds per square foot  absolute as shown 
in   f igure  l l (a ) .  No e f f o r t  was lliade to   ob ta in  a design capable  of  higher 
temperatures,  because the engine  and  afterburner were designed f o r  tem- 
peratures no greater than 5400° R. The large data spread i n  this region 
of  maximum temperature is due pa r t ly   t o  normal data sca t te r  and pa r t ly  
to   the   var ia t ions   in   fue l   d i s t r ibu t ion  between the three f u e l  manifolds 
tha t  were investigated  before a r r i v i n g  a t  the  optimum distribution. 
Exhaust-gas  temgeratures  obtained a t  higher  burner-inlet  pressures  agreed 
with  the data f o r  1500 pounds per  sqgare  foot  absolute  over t h e  range 
of fue l -a i r  ratios investigated; however, data were not  obtained a t  
fuel-air  ratios high enough to   obtain peak temgeratures a t  these  high 
pressure  levels,  because  the  exhaust  nozzle  reached  the wide-open posi- 
t ion.  A t  a burner-inlet  pressure of  620 pounds per square foot  absolute, 
t h e   m a x i m  exhaust-gas  temperature was only  about 2380° R because of  the  

I. marked reduction  in combustion efficiency as illustrated in f igure ll(55). 

c 
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The maximwn combustion efficiency  obtained at a pressure  level of 
620 pounds per  square  foot  absolute was only 0.47 and  occurred at- - 

fue l -a i r   ra t io  of about 0.0275. A t  this low pressure,  burning  could  not 
be  established on the  outer  flame-holder  gutter,  probably because of a 
couibination of..high  velocity  in  the  region of the outer gutter (fig. 8) 
and the  lack of fue l  mixing  length. However, at lower 
al t i tudes o r  Ugher  burner-inlet  pressures,  the flame was stably  attached 
to   the  outer gutter. Peak values of canibustlon efficiency at the  three 
higher  pressure  levels were above 0.90 and occurred at fuel-air ratias 
between 0.03 and 0.035. The fuel-air   ra t io  at which these  curves peak 
i s  primarily a function of the  fuel-air   distribution  pattern.  Becauge 
of the "head effectt" mentioned earlier,   the lower half of the  burner 
becomes excessively  rich a t  re la t ively low over-all fuel-air r a t io s  when 
operating a t  low burner  pressures (and low fuel  pressures), which results 
i n  a sh i f t   in   the   over -a l l  fuel-air r a t i o s   f o r  peak efficiency  to lower 
over-all  values as the  burner-inlet  pressure i s  reduced. 

It w i l l  be noted that a f e w  data points a t  a burner-inlet  pressure 
of 2750 pounds per square foot  absolute  are above 1.0. The absolute - -  

values of conibustion efficiency  are  accurate-only t o  approximately G 
percent,  because  of  the  great  sensitivity of the  calculation  to  inac- 
curacies i n  air-flow measurement and i n  the value of the velocity  coeffi" 
cient (see appendix]. However, inasmuch as the  calculation method,was 
common f o r  a l l  the  data, comparisons a re  probably  -valid. t o  a somewhat 
greater accuracy. 

Net thrust  values  (fig.  ll(c))  increased  substantially as fuel-air 
ratio  Increased,  except  for  the data at a pressure  level of 620 pounds 
per square  foot  absolute. The sol id  symbols at an  afterburner fuel-air 
r a t io  of zero  indicate  the  standard  engine  thrust  for each burner-inlet 
pressure level. Standard  engine  thrusk-is  defined as the engine t h a t  
tha t  would be  obtained at rated speed  with  the  standard  engine t a i l  pipe 
instal led and with  the same turbine-outlet  pressures and temperatures that 
were encountered  with  afterburning  (see  appendix). A t  the  lowest  fuel- 
air ratios,  some of the augmented thrust  values were lower than  the 
standard  engine thrust. The thrust increase due t o  the s l igh t  amount of 
afterburning  in  these cas-es was not enough t o  compensate for  the  addi- 
t ional  pressure  losses due to  instafilation of an  afterburner. Maximum 
thrust  of  t h e  engine  with  afterburning at an a l t i tude  of 10,000 f ee t  and 
a f l i g h t  Mach mmiber of 0.18 (pressure, 2750 lb/sq f t  abs) was abmt  
1.42 times  the  standard  engine  thrust;  while at an a l t i tude  of 45,000 fee t  
and the same f l i gh t  Mach  number (pressure, 620 Ib/sq f t  abs) over the  
same fuel-air-rat io  range, the maximum thrust w a s  only about 1.14 times 
the  standard  engine  thrust.  This  reduction  in thrust augmentation at 
620 pounds per square  foot  absolute is to-  the very low exhaust-gas 
temperatures  obtainable  (fig. l l ( a ) ) .  

* 

". " 
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Specific  fuel  consmption  (fig. U(d))  increased markedly  with 
increasing  fuel-air   ra t io ,   par t icular ly   a t  a pressure  level of 620 pounds 

engine is  indicated by the   so l id  symbols for each  pressure le .vel  a t  an  
afterburner  fuel-air r a t i o  of zero. A t  a burner-inlet  pressure of 
1500 pounds per  square  foot  absolute,  the  specific  fuel consumption 
increased from about 1.50 a t  the minimum afterburning  fuel-air ratio to 
abaut 3.00 near  stoichiometric  flzel-air ra t io .  As in   the  case of the  
exhaust-gas-temperature  data,  the  specific  fuel  consungtion  values 
obtained at the  higher  pressure  levels app-oximated the data f o r  
1500 poimds per  square foot  absolute over the range of Fuel-air ratios 
that were investigated. However, a t  a burner-inlet  pressure of 
620 pounds per  square  foot  absolute,  the  specific fuel consumption w a s  
as high  as 3.70 in  the  stoichiometric  region  because  af low afterburner 
combustion efficiency. 

- per  square  foot Ebbsolute.  The specific fuel comumgtion of t h e   s t a s h r d  

Effect of modifications on conibustion efficiency. - The effect  on 
performance of a l terat ions t o  the  flame holder is shown in  f igure 1 2  by 
~ 

comparing the conibustion efficiencies  obtained  with  confisrations A, 
B, and C. Inasmuch as  the  pressure-loss  characteristics of these con- 
figurations dld not  differ  appreciably,  the best of these  configurations 
with  respect t o  combustion efficiency would also have the  higher  exhaust- 
gas  temperature  and  net  thrust and a lower speciffc   fuel  consumption. 
Covering the  flame-holder louvers of  configuration A ( f ig .   5 (a ) )   t o  form 
configuration B reduced the conibustion efficiency  about 0.10 at a pressure 
l e v e l  of 1500 pounds per  square  foot  absolute. However, at the  lowest 
pressure  level,  the conibustion efficiency w a s  increased as much as  0.09 
in  the  region of  peak efficiency.  Elimination  of the flame  stEibiUzin@; 
members and ins ta l la t ion  of the  cross  gutters between the t w o  annular 
gutters  (configurations A and C)  had no appreciable  effect on performance 
a t  a pressure  level of 1500 pounds per  square  foot  absolute.  Unfortu- 
nately,  because of a mechanical diff icul ty   with  the ignitor,  data were 
not  obtained a t   t h e  lowest pressure level where the  effects  of  t h i s  change 
should have been  greatest. 

., 

The effect  of changing the imer and outer rings of the three-ring 
fue l  manifold t o  spray  upstream  (configuration E) instead of downstream 
(configuration A) is i l l u s t r a t ed   i n   f i gu re  13. A t  a pressure  level of 
1500 pounds per  square  foot  absolute  the effect of t h i s  change w m  
negligible; however, a t  620 pounds 'per  square  foot  absolute  the com- 
bustion  efficiency was increased by as much a8 0.14 as a resul t  of the I 

longer  exposure  time of  the  fuel droplets   to  the hot  gas  stream  and  the 
consequent improvement in  fuel  vaporization and dist r ibut ion at the  flame 
front.  It w i l l  also be noted that, as expected, the peak Combustion 
efficiency  occurred  at  a higher fuel-air  r a t i o  with  the less stratified 

t ion  E. 
c mixture  distribution produced  by the  upstream  injection  of  configura- 
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1 
The effects  of f i rs t  moving the  outer €&+ring 82 inches  upstream 

(conf'iguration F) and  secondly  spraytng the  f'uel.upstream from t h i s  ring 
wi th  a different  hole arrangement ( conf i s r a t ion  G )  are sham i n   f i g -  
ure 14. Alternate fuel holes in the outer  r ing of configuration G .- 

sprayed  the f u e l  loo outward  and 30° inward  from an axial direction. 
Moving the outer fuel ring upstream  decreased the  efficiency somewhat &t 
a pressure  level of I500 pun&  per  square  f6ot-a%-eolute,  probably 
because the fue l  w a s  no longer d i n e d  y i t h  tbe. . 'oute   gut ter  because of -  
convergence o r  divergence of the stream lines.  upstream f u e l  .: 

inJection from the upstream ring was  used *th alternate f ie1 jets having 
a radial  component of flow,  performance  appeared to   be hiproved a t  
1500 pounds per square foot  absolute, and. the  single data point  obtained 
a t  620 pounds square foot  absolute  indicated .an .increase i n  conibustion 
efficiency of approximately 0.12. 

- 

. . . - . - . . . . 

The change in   fuel   pressure  resul t ing from a reduction  in  the  size 
of  the  fuel-injection  holes f r o m  0.041-inch.diamater  (configuration GI- 
t o  0.027-inch diameter (configuration H) and .the.-resultitig  effects on . . 
performance are shown in   f igures  15 and X, respectively. For the  lowest 
and highest common =lues of fael-air   ratio, .   tk~e..mini.ez.fuel pressure" 
was increased from  3"to 17 pounds per  square .inch, -and the maximum pres- 
sure was raised from 42 t o  about 140 pounds per square' Gch,  respectively, 
as a r e su l t  of the  reduction  in,  hole  size. As shown in   f igure-  16, how- 
ever, no significant-   effect  on performance was obtained.' 

. -  

A review of .the data showing the  effects- of changes made i n  the fuel- 
injection -system (figs. 13, 14, and. 1 6 )  shows that"  the  effect   at  high 
burner-inlet  pressures was negligible and that -t;he efficiency at the  
lowest burner-inlet  pressure was increased as' mich .as. 0-..17 at- a f'ue1-d.r 
r a t io  of 0.05. The improvementat the 1oy.pressure level was due t o  the 
establishment of stable clonibustion on the  outer-  gutter 03 the flame 
holder as a r e s u l t  of increasing  the t i m e  available for fuel evaporation 
and  mixing. 

- . -. . . . 

" .. 

. . - . - . . . . . 

The data thus  far  presented were obtained w i t h  the nonuniform air- 
velocity  profile produced at the flame holder by.the  production diffuser. 
While a significant improvement i n  performance was obtained a t   t h e  lowest 
pressure l e v e l  by fuel-system  modifications,  the  level of efficiency 
attained was not  particulasly high. It WBS believed that a large  factor 
tending t o  limit efficiency was the high local velocity in the  vicini ty  
of the flame-holder  outer gutter (fig.  8). A set of annular cascade 
vanes supplied by the engine  manufacturer  was-therefore Installed, 
reducing  the  velocity in  the  vicinity of both gutters markedly, as shown 
in figure 8. Simultaneously wi th  the  instal la t ion of  these vanes, the 
five-ring  fuel manifold (fig.  6(b)) was instal led  in   ant ic ipat ion of an 
inward shif t  i n  air .flow. : AB show. . in .  figure 17-, at 1560 pounds per 
square  foot t h e  effect  of these changes wae. n.e.gligible. . Because of t h e  
limitations, investigation of configuration TI was discontinued  without 

. . .. 

n 

. " 

" 

I 
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obtaining performance at 620 pounds per  square  foot. It was believed 
that the  higher  pressure  losses of configuration D would lower the thrust 
obtainable  by more than ndght be  gained by any improvements in  combustion 
efficiency  resulting from more favorable diffuser velocity  profiles. 

Performance of the  best  configuration, H, obtained  during  this  phase 
of investigation is shown i n  figure 18. Configuration H w a s  the same as  
t h e  original  production  configuration A, except that the outer fuel 
rlng waa moved upatream and the fuel sprayed in an up&ream 
direction, and the  f'uel  holes  in all rings w e r e  reduced f r o m  0.041- to 
0.027-inch  diameter. Also, a fourth  fuel  ring was added in the  place 
originally occupied  by the  outer  ring,  but it w a s  never actually  used 
for  spraying  fuel. However, it must be considered as an  essential  p& 
of configuration H, i n a m c h   a s  burning did not occur on the  outer flame- 
holder gut te r   a t   the  two lowest  pressure  levels when this inoperFtive 
fuel   r ing was  removed. The effect  of the  inoperative  f'uel ring was 
probably that of blocking o r  partly  blocking  the  louvers  in  the  outer 
flame-holder gutter. It w i l l  be noted that the performance at a l l  except 
the  lowest  pressure level (620 lb/sq f t  zbs) was about t h e  same as the  
original  configuration. For pressures of 2750 and 1500 pounds per  square 
foot,  peak  combustion efficiency was between 0.85 and 1.0 and occurred 
a t  afterburner fuel-air   ra t ios  between 0.030 and 0.040. Maximmi com- 
bustion  efficiency at 620 pounds per  square foot absolute w a s  about 0.54. 
The optimum fue l   d i s t r ibu t ion  t o  the inner, middle, and outer  fuel rings 
was approximately 15, 55, and 30 percent,  respectively. - 

A direct  comparison of the conibustion efficiencies  obtained  with  the 
original  configuration a d  configuration E is presented  in figure 1 9  for  
operation a t  pressures of 1500 and 620 pounds per  square foot absolute. 
The o n l y  significant improvement w a s  obtained at the lower pressure 
level, where the  efficiency was improved &bout 0.17 at a f 'ue l -ab   ra t io  
of 0.05. A comgarison of the data of figures 1l and 18 shows that, 
whereas the maxlrmun exhaust-gas temperature a t  a pressure  of 620 pounds 
per  square f o o t  was  only 2380° R for  the  original  configuration  because 
of the  low conibustfon efficiency, t h e  maximum exh~~t-ga~ temperature of 
configuration H was about 295a0 R. This  Increase  in tenpemture gave an 
increase in maximum thrust from 1500 to 1660 pounds and a reduction i n  
specif ic   fuel  consumption at stoichiometric fuel-air r a t i o  (0.067) from 
3.70 t o  3.15 pounds of f u e l  per. hour per pound of net  thrust. Further 
e f fo r t s  to improve -the performance  of the  afterburner,  without con- 
figuration changes of such magnitude that production  might  be  disturbed, 
did  not  appear  fruit-. 

Operational  Characteristics - 
One of the  operation  difficult ies  exhibited by the  configuratlons 

incorporating  the  anti-screech bars between the  flame-holder  gutters 
(flame  holder A) was the  lack of flame  propagation between these two 
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gutters. The trend shown in   f i gu re  20 is  a resu l t  of this   lack of  cross- 
propagation. These data  for  configuration F show higher cozribustion 
e f f ic iency   a t  a pressure  level &ZOO than a'l 26.00 pounds per square 
foot.  Observations of the combustion through a- periscope  revealed that, 
whereas both  gutters were holding flame at  the 2750 md 1500 pound 
pressure  levels, o n l y  the inner gutter  held  flame a t  a pressure  level 
of 2600 pounds per  square  foot.  Apparently  the  ignition flame streak 
from the  "hot-shot"  pilot did not  ignite  the Fuel near  the  outer  gutter 
on t h i s   p a r t i c u b r  start, and the flame f a i l e d   t o  propagate to the  outer 
gutter, resul t ing  in  a lower level  of efficiency  over  the  entire  rawe 
of  fuel-air   ratios.  

The operable  ranges of the  configurations  discussed  herein are 
defined  by  the  bar  charts of figure 21. The various  factors  limiting 
the  operable  ranges were (1) combustion instabillty  described  as rumble, 
buzz, or screech,  depending on the frequency 09 the  associated  pressure 
pulsations (see re f .  3 fo r  a discussion of these ty-pes of ins tab i l i ty ) ;  
(2)  lean combustion  blow-out; (3) r ich combustion  blotT-outj (4) maximum 
erea of the exhaust  nozzle; and (5) maximum fuel f l o w  o'tj€ainable.  This 
l a t t e r  limit is of course  not a burner  llmitation. A l l  these limits are 
denoted ei ther  by symbols or  by shaded areas :on the  bar  charts. 

" 

A brief  r6su.d of the  characterist ics of the  individual  configura- 
t ions i s  given in  the  following  paragraphs: . 

Configuration A. - The original  configuration  operated  without com- 
bustion  instabil i ty over a range  of fuel-air r a t io s  from the  lean blow- 
out  limit, which varied from a fuel-air  ratio . o f .  0.004 at a pressure 
level  of 2750 pounds per  square  foot t o  0.017 at.. 620 pounds per  square 
foot,   to  the value required to drive  the  exhaust  nozzle wide open or to 
the   fue l -a i r   ra t io  a t  which r ich blow-out &uxk&d,- The-.f 'uel-air  ratio 
fo r   r i ch  blow-out varied considerably  with changes i n  the fuel distribu- 
t ion   to   the   th ree  manifold  rings  (fig.  2l(c))j  the minimum value fo r  rich 
blow-out was 0.054. 

Configuration B. - A t  pressure  levels o f  2600 and 1500 pounds per 
square foot, t h e  m a x i m  operable fuel-& r a t i o  was limited by rumble. 
At 620 pounds per  square  foot,  the maximum operable  fuel-air  ratio was 
l imi tedby  r ich  blow-out. Here again  the maximum fuel -a i r   ra t io  a t  r i ch  
blow-out varied markedly, as would be  expected,  with  changes i n  fuel 
distribution t o  the  three  manifold rings; varying from 0.032 t o  0.080. 
The lean blow-out l i m i t  a t  620 pounds per  square  foot w a s  not  al tered 
appreciably  by  covering  the  louvers i n  t h e  flame  holder. 

. .  

Configuration C.  - In  comparing configuration C to  configuration A, 
replacement of the  outer group of flame  stabili-zing  bars  with  radial 
V-gutters  resulted i n  screeching combustion at  f'uel-air ra t ios  above 
about 0.034 f o r  operation at a pressure l e v e l  af 2600 pounds per square 
foot. A t  2750 pounds per sqgare. foot,  the  lean blow-out limit was iden- 
t i c a l   t o  that of configuration A; but a t  1500 pounds per aquare foot ,  the 
lean blow-out occurred a t  a Ellightly higher value ,of f'uel-air ratio. - - 

* -  
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Configuration D. - Addition of the  annular cascade assenibly i n   t h e  
diffuser and  replacement of the  three-ring fuel manifold  with a f ive-  

occurring at higher fuel-air   ra t ios   for   operat ion a t  a pressure  level 
of 1500 pounds per  square  foot, A t  t h i s  pressure level,   the maximum 
f’uel-air r a t i o  f o r  configuration D was limited  by  the  exhaust  nozzle 
reaching maximum area. The occurrence of this l imitat ion for  configura- 
t i on  D and  not for  configuration A was  due t o   t h e  higher pressure loss 
through the  afterburner for  configuration D, since, as shown ear l ie r ,  
the   eff ic iencies  for canfigurations A and D were about  equal. 

- ring  fuel  manifold  (configurations A and D> resulted i n  lean blow-out 

Configuration E. - C h a n g i n g  the   direct ion of fuel   spray of the inner 
and outer rings from bxnstream t o  upstream  (configurations A and E )  
caused the maximum operable fuel-air r a t i o  t o  be limited severely  by 
screech at   pressure  levels  of 2750 and 2600 pounds per square  foot and by 
rumble a t  the  lower pressures. The change from downstream t o  upstream 
inject ion would tend  to  aggravate  the  conditions of homogeneous charge 
which are believed  to  prohce  screeching combustion. However, inasmuch 
e8 later configurations  sprayed  fuel i n   t h e  upstream direction from the 
outer  fuel  manifold  without  encountering  screech,  the  conditions  pro- 
ducing  screech in configuration E w e r e  evidently concerned with o n l y  t he  
inner  flame-holder ring. Configuration E w a s  the  only  configuration 
spraying fuel upstream from the  inner fuel ring and. the only configura- 
t i on  encountering  screech, wZth the  exception  of  configuration C (ant i -  
screech bars removed). 

Configuration F. - With configuration F, which was t he  same as con- 
” figuration A except that the   ou ter   fue l   r ing  was  moved 8- 1 inches  upstream, 

4 
no audible  scree-&  occurred a t  high  pressure  levels. At 1500 pounds per 
square  foot, however, rough combustion occurred at fue l -a i r   ra t ios  above 
0.0445. This  increase of mixing length between the  point  of fuel injec- 
t i o n  and the  outer  gutter  thus  increased  the  tendency  for  heat-driven 
types of ins tab i l i ty .  A comparison of configurations E and F, however, 
shows tha t   t he  inner gut ter  may be more prone t o  screech  than  the  outer 
gutter.  Operation w a s  not  possible at 620’ pounds per square foot,  possi- 
b ly  as a result of misalinement of the  fuel with  respect   to   the  outer  
gutter.  

Configuration G. - The ef fec t  of a l t e r i n g   t h e   f u e l   s t r a t i f i c a t i o n  
near  the  outer gutter by nonaxial components of t he   fue l  jets (con- 
figurations F and G) is seen t o   b e  a sl ight   reduct ion  in   the maximum 
operable  fuel-air r a t i o  a t  a pressure l e v e l  of 1500 pounds per square 
foot.  Configuration G w&s Umited by screech, whereas configuration F 
w a s  limited by a combination of Izlnible and buzz. Here again  steady 
operation was not  possible a t  620 pounds per square foot; however, opera- 
t ion  was possible a t  lower pressures  (not shown) than  for  configuration F. 

- 
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Configuration E. - Configuration H, which was ident ica l   to  con- 
figuration G except that the fuel pressures were iicreased, gave suitable 
characterist ics at a l l  pressure  levels,.  except on one occasion where f o r  
a p a r t i c u l a r  fuel distribution  screech  occurred a t .  a fue i -a i r   ra t io  of  
0.041 at a pressure l e v e l  of 1500 pounds per  square  foot. Much of the 
improvement in  operational range a t  low pressure  level (i. e., a b i l i t y  
to  operate at 620 lb/sq f t  abs) is  probably due to.better  circumferential. 
fuel distribution  prodwed by the  increase in  fuel pressure. 

Configuration I. - Configuration I w a s  similar t o  H except f o r  a 
small change i n  the angularity of the f ie1  holes   in  the outer  Fuel 
manifold. A s  might be expected w i t h  a more stratified fuel-air   pattern 
near the outer  gutter, the  lean blow-out U . t s . o c q e <  at  lower fuel-  
aFr r a t io  w i t h  configuration I.. .~ . . . .. . 

CONCLUDING REMARKS 

During the  investigation  reported  herein, the performance of the 
J40-WE-8 afterburner w a a  evaluated a t  burner-inlet pressures as low as  
620 pounds per s w r e  foot, a value somewhat below the minimum pressure 
in  the. engine  specification (730 lb/sq f t )  . Rumerous modifications were 
made to  the flame  holder,  fuel-injection eyetern, and diffuser  Fn an effor t  
t o  improve the performance at the lowest  pressure  level  without greatly 
a l te r ing  the mechanical design of the burner components, i n  order t o  
avoid  production delay. As a result several changes which  were indicated 
t o  be desirable  as a result of previous  iqvestigations were not made i n  
the  phase of the program reported herein. ..%e be65 configuration relsult- 
ing from this investigation differed from the 0r"ionfiguration 6d.y 
i n  details of the fuel system. Inasmuch as geak  combustion efficiency o f  
the original  configuration was high at pressures at or  above 1500 pounds 
per  square  foot, no appreciable improvement was possible; however, a t  the 
lowest  pressure  level of 620 pounds per square  foot the peak efficiency 
was raised from 0.47 t o  0.54, and  over most of the comparable range of 
fuel-air ra t ios  , the efficiency was increased  about 0.17. This resulted 
in an increase i n  the maximum exhaust-gas temperature from 2380° t o  
2950° R; an  increase i n  maximum net thrust fmm 1500 t o  1660 pounds; 
and a reduction in specific fuel comunp?tiOn at stoichiometric fuel-air 
rat io  (0.067 1 from 3.70 t o  3.15 pounds of fuel per hour per pound of net 
thrust. The configuration giving the best perfomnce,  however, was sub- 
j ec t  t o  buzzing combustion under certain  operating  conditions. 

" 
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APPENDIX - SYMBOLS AND METHODS OF CALWLATION 

Symbols 

The following symbols are used in   th i s   repor t :  

cross-sectional  area, sq f t  

thrust-scale  reading, lb 

velocity  coefficient,   ratio of scale jet thrust t o  rake j e t   t h r u s t  

external drag of installation, 1% 

&rag of exhaust-nozzle  survey  rake, lb 

j e t  thrust, lb 

net thrust, lb 

fuel-air  ratio 

acceleration due t o  gravity, 32.2 ft/sec2 

t o t a l  enthalpy of air, Btu/lb 

t o t a l  pressure, ~ b / s q  f t  abs 

static  pressure,  lb/sq f t  abs 

gas constant, 53.4 ft-lb/(lb) (OR) 

t o t a l  temperature, OR 

s t a t i c  temperature, OR 

velocity,  ft/sec 

air flow, Ib/sec 

fue l  flow, lb/hr 

.. . .. " "" ~ - .  

specific fuel consunzptfon based on total fuel flow and scale net 
thrust ,  lb/ (hr) (lb thrust) 

gas flow, lb/sec 

ratio of specific  heats f o r  gases - 
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7 conibustion efficiency 

A t o t a l  enthalpy of fuel,  Btu/lb 

Sub scr ipt  8 : 

a 

b 

e 

f 

i 

5 
n 

6 

t 

X 

0 

1 

5 

5' 

6 

7 

9 

9 '* 

air 

afterburner 

engine 

f i e 1  

indicated . .  " 

exhaust-nozzle ex i t  

scale 

- &  cu 
- .  

i n l e t  duct at f r ic t ionless  slip joint  

free-stream  conditions 

engine-inlet  duct . .  . . .  

turbine  inlet  

first-stage  turbine-nozzle  throat 

afterburner  inlet   ( turbine  outlet)  

f lame-holder inlet 

exhaust  nozzle, 4- inches  upstream of exhaust-nozzle  outlet 1 
8 

exhaust  nozzle  (with  standard  engine t a i l  pipe) 

Methods of Calculation 

Temperatures. - Sta t ic   t ewera tures  were determined from thermomuple- 
indicated  temperatures  with  the  foUaring  relation: 

I 
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where 0.85 is the impact  recovery factor   for   the  type of  thermocouple 
used. T o t a l  temperatures were determined by the  adlabat ic   re la t ion 
between temperatures  and  pressures. 

. .  

Airspeed. - The equivalent  airspeed wa6 calculated from the  ram- 
pressure ratio by the  following  equation,  with  complete.pressure 
recovery at   the  engine-inlet  assumed: 

VO 

Air flow and gas flow. - Because  of e r r a t i c  measurements a t  t h e  
engine inlet during  the  afterburning pro@mn, the air flow was deter- 
mined from me~bsurement~ a t   the   tu rb ine   in le t   ( s ta t ion  5). Inasmuch as  
the  turbine  nozzles were choked f o r  the range of conditions  investi- 
gated, the  gas flow at  the  turbine-nozzle throat could be  determined 
from the following equation: 

The effective  turbine-nozzle  throat area A g x  wa6 determined from 
previous  tes ts   for   the same range of engine  operating  conditions  inves- 
t igated  herein when the engine inlet-air f low calculations w e r e  reliable. 
The air f l o w  or gas  flow at any station  throughout  the  engine and after- 
burner  could  then be obtained from Wg,5r by adding or  subtracting  the 
variuus  factors of engine f u e l  flow, afterburner  fuel flow, and com- 
pressor bleed air. 

Mterburner fuel-ab ra t io .  - The afterburner  fuel-air   ratio i s  
defined  as  the  ratio of the  weight f l o w  of fuel injected in the  after- 
burner t o  the weight flow of  unburned air entering  the  afterburner from 
the  engine. Weight flow of  unburned air was determined  by assuming that - 
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the  fuel  inJected i n  t h e  engine was completely  burned.  This  assumption 
of 100 percent combustion efficiency  in  the-engine  results  in  only a 
small error i n  afterburner.fue1-air  ratio,  because  the  engine was  oper- 
ated where. combustion efficiency ve is  k n o w n .  tQ be' high. Afterburner- 
fuel-air  ratio was caw-ted f r o m  the.  equation . . .  

. " -. 

where 0.067 is the   s to ich imet r ic   fue l -a i r   ra t io  f o r  the engine fuel.  

Exhaust-gas t o t a l  temperature, -. The t o t a l  temperature of the 
exhaust gas was calculated from the  exhaust-nozzle-outlet total pressure, 

. .. 

scale  jet  thrust,  velocity  coefficient, and gas flow by means of-the 
following  equation: 

- .. . . . . . . - . . . . - 

2 
w@;, 9 

The velocity  coefficient Cv, which i s  defined as the  ra t io  of scale jet 
thrust t o  rake jet thrust, was determined t o  be 0.98 from nonafterburning 
data over a wide range of exhaust-nozzle pressure ra t ios .  

Combustion efficiency. - Afterburner combustion efficiency was 
obtained by dividing  the  enthalpy rise through the  afterburner by the 
heat  content of the  afterburner f u e l  and  unburned sine f u e l  as shown 
in  the  following  equation: 

where 18,700 (gtu/lb) is the lower  heating value of the engine fue l  and 
afterburner fuel. .  The enthalpies of the  products of  combustion were 
determined from temperature-enthalpy.charts for  a i r  and from temperature- 
enthalpy  charts for fuels having  the same hydrogen-carbon ra t ios  as the  
fuels  used  in this investigation  (see  ref. 3). The charis.  used  for 
obtaining fuel enthalpies were based on a fuel-inlet-tenqlerature of 
80° F. Dissociation w a s  not  coneidered i n  this analysis,  because i t s  
effect  i s  negligible  for  the  range of exhaust-gas  temperatures encoun-. 
t e red   in  this investigation. 

. .  
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Augmented thrust .  - The j e t   t h rus t  of the  instal la t ion w a s  deter- 
mined from the  balance-scale measurements by the following equation: 

The last two terms of this a r e s s i o n  represent momentum and pressure 

determined  with  the  engine  inoperative,  and  the drag of the  water-cooled 
exhaust-nozzle  survey  rake w a s  measured  by an air-balance  piston 
mechani sm . 

0 
Q) cu 

a forces on the  installation. External drag of the   ins ta l la t ion  was 

Scale  net thrust wae obtained by subtracting  the  equivalent  free- 
stream momentum of the   i n l e t  air  from the  scale jet thrust:  

Standard  engine  thrust. - Standard  engine thrust is  defined  as  the 
engine thrust obtainable at rated speed  with  the  standard  engine t a i l  
pipe and with the same turbine-outlet  pressures and temperatures  that 
were encountered  with afterburning. The etandard  engine  thrust was cal- 
culated from the  average measurements obtained a t  each flight condition 
during  the  afterburning program of total pressure and temperature a t   t h e  
turbine  outlet,  the  engine  gas flow (no compressor b leed   a i r  f o r  after- 
burner  cooling), and from the  previously  determined  total-pressure l o s s  
across  the  standezd tail pipe: 

" 

Experimental  data  indicated t h a t  the  total-pressure l o s s  across the  
standard t a i l  pipe was approximately 0.03 P6 at rated  engine speed. 
The exhaust-nozzle to ta l   p ress i re  Pgt i s  therefore  equal t o  0.97 P6. 
The velocity  coefficient C, was determined t o  be 0.97 f r o m  calibration 
of the  engine  with  the  standard  engine t a i l  pipe and exhaust nozzle. 

Standard  engine  net t h s t  w a s  obtained by subtracting  the  equiva- 
lent  free-stream momentum of t h e   i n l e t   a i r  from the  standard  engine  Jet- 
thrust:  
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J'lgure E .  - Cross motion  of engine a d  afterburner ahawing station6 at whloh inatruimntatton was inet8U.d. 
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(b) Diffuser B, used wtth configuration D. 

Figure 4. - Diffusers, vanes, and Inner cone used in investigation. 

25 

(a) Diffuser A, used wlth aU- configurations except 
configuration D . 
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(a) Flame h o w  A, uded d t h  a l l  cmfiguratim except configuration C (41.3 percent 
blockege) . 

(b) F h  holder C, used w i t h  configuration C (38 percent blockage). 

Flgure 5. - Detalla aF fLsms boldern inveskigated. 
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(a) Three-ring fuel manifold. 

I 
=-5s7 

(b) Five-ring  fuel  manifold. 

Figure 6 .  - Fuelm.anifolds ueed d u r i n g  investigation. Hole6 
dr f l l ed  only on m e  side of fuel  rings. 
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Afterburner fuel-air ratio,  (f/a)b 

(a) Turbine-outlet total pressure. . 

Figure 7. - Flow conditions at combustion-chamber inlet. 
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1400 
(b) Turbine-outlet total temperature. 
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Afterburner fuel-air ratio,  (f/a)b 

(c) Flame-holder inlet velocity. 

Figure 7. - Concluded. Flow conditions at combustion-chamber i n l e t .  
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3hell I 

Distance  from  diffuser  center  line,  in. 

Figure 8. - Effect  of diffuser deflector vanes OIL veloc i ty   p rof i les  at 
f lame-holder inlet .  Burner-inlet  pressure, 1500 pounds per  square 
foot  absolute. 
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(a) -er pressure-bas macter is t tcs .  

Ekhaust-gas total temperature, TJ, OR 

(b) Over-all pressure-loss characteristics. 

Figure 9. - EYYect of diffuser type on pressure-loss charaderistice; burner-inlet 
pressure, 1500 pounds per  square foot absolute. 
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( a )  Burner-inlet  pressure, 2600 pounds-.qer . .. square . f o o t  absolute. 
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Af'terburner fuel-e r a t i o ,  (f /a)b 

(b) Burner-inlet  pressure, 620 pounds ~e r . .~q13re  foot absolute. 

Figure 10. - Effect of burner-inlet  pressure on fuel pressure. 
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(a) -t-gas total temperature. 
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Afterburner fue l -a i r   ra t io ,  (f/& 

(b) Afterburner combustion efficiency. 

Figure 11. - PerPormace of original configuration, A. - 



36 

(c) Augment& net thrust. 
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Afterburner fuel-air ratio, (f/a)b 

Figure 12. - Ef'fect of flame-holder modifications on afterburner combustion  eff iciency. 
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Afterburner fuel-air ratio, (f/a)b 

Pippre 13. - Effect of fuel-spray direction 011 afterburner combustion efficiency. 
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Configu- Outer fuel-ring  Direction of fuel 
ration  location,  injection 

in. f r o m  flame 
holder 

"- A 1 Bmnstream 
O F  LO Downatream 

. O  G 10 upstream (100 out- 
w a r d  and 300 inward 
fmm axial direction) 

Figure 14. - Effect of location and direction of f u e l   i a e c t i o n  on afterburner 
combustion efficiency. 
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Afterburner fuel-air ratio, ( f /a)b 

(b) Configuration H. Fuel-hole diameter, 0.027 inch. 

Figure 15. - Comparhon of fuel pressures lor configurations G and H. 
Burner-inlet  pressure,-1500 pounds per square foot &salute. 
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Configuration 
7 

Figure 17. - Effect  of  flame-holder-inlet  velocity  profile on after- 
burner combustion efficiency.  Burner-inlet  pressure, 1500 pounds 
per square  foot absolute. 
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(a) Exhaust-gas total temperature. 

(b)  Afterburner  conibustion  efficiency. 

Figure 18. - Performance of best configuration, E. 
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(c) Augmented net thrust. 
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. 

Afterburner fuel-air ratio,  (f/& 

(a)  Specffic  fuel consumption. 

Figure 18. - Concluded. Performance of best configuration, H. 

. 
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Afterburner fuel-& ratio, (f/& 

Figure 19. - Comparison of cornbution  efficiencies obtained with i n i t i a l  and best configurations. 
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. 

Figure 20. - Effect of' fau l ty  burning on combustion efficiency. - 
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0 .02 .04 .06 
Afterburner fuel-%- ratio, (f/a)b 

(a) Burner-Fnlet pressure, 2750 pounde 
per  square foot .&solrrte. 

Figure 21. - Operational characteri6tics of all conf.lgurat~lons. 
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. oz .w 
Afterburner fuel-& ratio, (f/a)b 

(b) Wlmer-inlet pressure, 2600 pouds 
per square foot absolute. 

Figure 21. - Cantlnued.  Operational characteristics of  all ConfiguratiOnS. 
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Afterburner fuel-ew rat.tio, (f/alb 

(c) &rner-irtht pressure, L500 porn& per square 
foot absolute. 

Figure  21. - Continued.  Operational  characteristics of all C O n f - a t i O n S .  
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(a) Burner-tnlet pressure, 629 pounda per square - .  

foot absolute. . -  . 
. .  

Figure 21. - Concluded. Operational characteristlca Qf ConfiguratFOns. 
. . . . . . . . 
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